DATA CENTER THERVAL MONI TORI NG TECHNI CAL FI ELD [ 0001]
Thi s docunent relates to thermal nonitoring of
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m croprocessor is transfornmed into heat. A pair of
m croprocessors nounted on a single notherboard can
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draw is multiplied by several thousand (or tens of
t housands) to account for the conputers in a data
center, the potentiahbdQinfreat Fgansrati on can be
appreci ated. Not only nust a data center operator pay
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pay to cool the conputers. The cost of renoving heat
may be a mmjor cost of operating |arge data centers.
[0003] In addition, cd@AOKEREUNID a conputer, such as
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still overheat and fail, particularly when operating at high utilization.

SUMMARY
[0004] In one aspect, a method includes receiving a measurement indicative
of a temperature of a computer and calculating a thermal health value for the
computer based on the measurement.
[0005] Implementations of the invention can include one or more of the
following features. Calculating the thermal health value may include
comparing the measurement to stored thresholds. The measurement may be

one or more of a temperature, a power draw of the computer, a utilization of



may be a tenperature neasurenment of one or nore of a

central processing unit of the conputer, a disk drive
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[0006] In another aspect, a computer program product, tangibly embodied in a
machine readable storage media, comprising instructions for causing a
processor to perform these methods.
[0007] Advantages can include one or more of the following. An operator can
easily evaluate the thermal health of computers in a data center at different
aggregation levels. The thermal health value can be monitored over time, and
past behavior can be used to predict future thermal health. Corrective action

can be taken if the thermal health variable indicates that the computers are at



can be taken if the thermal health variable indicates
that the conputers are atrisk of failure, thereby
WO ppossesy) reliability and reduci ng down-ti nme PET/US1089/048966
center. [0008] The details of one or nore enbodi nents
care set forth in the accgonpanyi ng drawi ngs and the
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FIG 21 sche ilTustration conput er
thdadaimsent er configured to provide tenperature
information to a nonitoring conmputer. [0012] FIG 3 is
flowchart illustrating a nmethod of collecting data on
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DETAILED DESCRIPTION
[0014] Large-scale Internet services and the massively parallel computing
infrastructure that is required to support them can require the design of
warehouse-sized computing systems, e.g., data center facilities, made up of
thousands or tens of thousands of computing nodes, their associated storage
hierarchy and interconnection infrastructure. The data center can include
many different types of computer equipment, e.g., different types of
computers, and each piece of equipment is typically constructed from multiple
smaller electronic components.
[0015] As note above, computer components generate heat. Thermal events,
e.g., situations in which the temperature of the computer components rises
sufficiently high to cause short-term performance impairment or reduce long-
term reliability, can be caused by a variety of factors, such as cooling plant

failures, deployment of too many computers in close proximity (so that the



reliability, can be caused by a variety of factors,

such as cooling plant failures, deploynent of too nmany
W@ o9pssssxs in cl ose proximty (so that thel ocaPCTEs1009/048966

generated is greater than the local cooling
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an exenplfary facility 10 serves as a data center.
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(dozens or hundreds or thousands of) racks of conmputer

todheithereral menitpringussusasul d house hundr eds, thousands or
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facility 10 that serves as a data center The facility 10 mcludes an enclosed
space 12 and can occupy essentially an entire building, or be one or more
rooms within a building. The enclosed space 12 is sufficiently large for
installation of numerous (dozens or hundreds or thousands of) racks of
computer equipment, and thus could house hundreds, thousands or tens of
thousands of computers.

[0021] Modules, e.g., cages 20, of rack-mounted computers are arranged in
the space in rows 22 separated by access aisles 24. Each cage 20 can
include multiple racks 26, e.g., four to eight racks, and each rack includes
multiple computers 28, e.g., trays.

[0022] FIG. 1C is a schematic view of a computer from a rack. In general,

each computer 28 can include a circuit board 50, such as a motherboard, on



the space in rows 22 separated by access aisles 24.
Each cage 20 can include nmultiple racks 26, e.g., four
W@ 200ei188883 r acks, and each rack includes nulti pP@I/US2009/048966
conmputers 28, e.g., trays. [0022] FIG 1Cis a
schematic view of a conputer froma rack. In general
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[0025] The order in which components fail as a function of temperature can be
similar or vary across different platforms, e.g., for some platforms, as
temperature increases the memory can fail first, followed by the disk drive,
followed by the CPU. Other orders are possible. For example, on some
platforms, the CPU performance may be most susceptible to temperature
excursions, followed by disk drives and then memory. However, the exact
temperature as which failures occur vary for platforms of differing
configuration. For example, different models of CPUs will begin failing at
different temperatures. Thus, even if temperature data is available, the
temperature data itself does not necessarily provide useful information

regarding the thermal health of the machine, much less a collection of



followed by the CPU. Ot her orders are possible. For
exanpl e, on sone platforns, the CPU performance may be
wore@b/1588epti bl e to tenperature excursions, fRCT/U8209/048966
by disk drives and then nenory. However, the exact
tenperature as which failures occur vary for platforns
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t he corH)uter is on the verge of conplete failure,
There could be nearly any number of unique health-level stages defined.

[0028] This general indication of the thermal condition of the computer can be
termed a “thermal health variable”, which can have a “thermal health value”.
Thus, the thermal health variable is a metric, typically a non-dimensional
metric, of the thermal condition of a single computer or aggregation of
computers in the data center, but which is independent of the particular
configuration of the computer.

[0029] The thermal health variable can be normalized across computers of
different configuration. That is, the thermal health value is calculated for the
individual computer to fall within a scale shared across multiple computers,

e.g., across all computers of a data center, with at least the endpoints of the
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regation. [0031] FIG, 2 is a schematic diagramof a
[0982} e Fs0HRY iF 2 ig3ghdn¢lude ghleast one sensor that measures a

temperature of at least one of the components. For example, the computers
28 can use sensors to measure the temperature of the CPU, memory, hard
drive or motherboard. |n addition, the computers 28 can accumulate other
data indicative of the thermal health, such as fan speed, which would indicate
how hard a machine is working to cool itself. For instance, if two machines
are at the same temperature, but the fan speed of the first machine is at the
maximum possible value, while the fan speed of the second machine two is at
a nominal value, the thermal health for the first machine would be reported as
being slightly worse because this machine has less ability to maintain its

thermal health in adverse conditions. In addition, there can be sensors



heal th value. At |east sone of the conputers 28 in the

data center are connected through a network, e.g., the
wa@l2a0a/1886831 40, to a nonitoring conputer 60, SUPEIT/HS2089/048966

general purpose conputer, e.g., a workstation. [0032]

These conputers 28 each include at |east one sensor
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nmoni toring conputer 60 can receive thermal data from
todemperatyes; |||1<§V@|ngtth@,fzﬂléqre darnperagure of computer components, is

determined empirically (step 102). For example, a test computer with known
components can be placed in a temperature controlled environment, e.g., an
oven. The test computer is operated while the temperature of the
environment is increased. The performance of the test computer is
monitored, e.g., the test computer can run test routines and report errors,
while thermocouples or other sensors can measure the temperatures of the
components. From this data, the temperatures at which the components fail
can be determined. The data indicating the components and their failure

temperatures can be stored in a database (step 104).
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(step 112). In some implementations, the computer stores the function and
calculates its own thermal health based on the specifics of its individual
components and available sensors, and then sends the calculated thermal
health to a monitoring computer.

[0037] The thermal health variable can be calculated from data from a variety
of sensors on each computer, including temperature sensors, fan speed,
power, and utilization. In order to allow comparisons across different types of
platforms, the thermal health variable is normalized to indicate similar

machine behaviors at similar thermal health values. For example, at the
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AERPEBELFIGHE 4 SPhrPhbaPRRS L By PRSRE BLSh e
dlsplb?Q@éndaﬁwn@tkam}&rtpﬂoﬁ@s displayed. 5, e.g., with
wer nunbers indicating better health. In sone

[Opﬂg] mleathpélﬁgrmqlﬁ@a{théqaﬁlaple has a finite small number of

possible values, the textual descriptions could be mapped on a one-to-one

basis with the values, or the thermal health value could itself be textual
description (rather than a number). Where the thermal health variable can be
effectively continuous, various ranges of values can be associated with the
textual descriptors. For example, if the thermal health variable scales
between 0 and 1, then values from 0 to 0.75 can indicate the machine is
operating within expected temperature range, values from 0.75 to 0.9 can
indicate that the machine is operating outside expected controllable

temperature range, values from 0.9 to 1 can indicate that the machine may
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threshol ds m ght set t he thermal variable as "bad"
avghadeq,detdedgrmine the thermal health of the aggregate of computers. In
some implementations, some computers are weighted more heavily than
other computers the thermal health of the aggregate of computers.
[0043] In some implementations, the thermal health value is a numerical
value calculated from other numerical measurements and empirically
measured thresholds of behavior. In one example, an algorithm to derive a
normalized non-dimensional thermal health value between 0 and 1, with 0
indicating the maximum possible margin and 1 indicating that the machine is
at or above the highest/worst behavioral zone is the following:

THV =1 - [Tallowable'T]/MmaX
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o7 G A SSARH S B R oA gtbdid g basea on
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could be determined for a group of computers in the data center that serve
search results, electronic mail or map generation. The aggregation can be a
logical network grouping, e.g., based on computers within a particular
networking domain or subdomain.

[0048] It can be useful to present the thermal health of an aggregation as a
cumulative distribution function, i.e., the percentage of computers operating at
or below a given thermal health value.

[0049] Once the thermal health variable has been determined, it can be used,
e.g., automatically by control software, to adjust the performance of the

computers to avoid thermal failure. For example, if the thermal health variable
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below a given thernmal health val ue.
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regarding machine placement. For example, by comparing the thermal health
values aggregated at the rack level, an operator can determine which racks
have greater capacity to handle additional thermal loads (e.g., under the
presumption that racks with the lowest thermal health values are best able to
handle additional thermal loads). Placement of new machines into the racks
with the greater capacity to handle additional thermal loads can then be
prioritized.

[0052] The relative weighting of the classes of failures (e.g., reduced

performance versus irreparable damage) could be set for or by the customer,
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[05%%]' Ajrﬁ gdggntggeﬁrrr?aechtlrlreapheerlr%%tl Realth is that normalized values are
generated therefore the operator, or a programmer designing control software
that uses thermal health variable, does not have to know about platform type.
The thermal health can be aggregated across many different dimensions, and
many different statistical methods can be applied to gather information about
the health of the computers. In addition to computers, the thermal health
variable may be applicable to other forms of computing equipment that might
fail as a result of high temperatures, such as network switches, smart racks or
power units.

[0057] Embodiments and all of the functional operations described in this

specification can be implemented in digital electronic circuitry, or in computer
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[0053] A thermal rate of change, e.g., the tine
derivative of the thermal variable, can be cal cul ated
WO o009a58s8hput er or aggregation of computers. Apdi/gk2009/048966
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conmputers in response to el evated danger |evels of the

emhedimantyaeg wihinahegspee of g tellewingelgP$ed by human
operators in response to receiving the thermal health
vari able, e.g., when displayed, or automatically by
control software, e.g., in the nonitoring conputer
[ 0056] An advantage of machine thermal health is that
normal i zed val ues are generated therefore the
operator, or a programmer designing control software
that uses thermal health variable, does not have to
know about platformtype. The thermal health can be
aggregated across many different dinensions, and nmany
different statistical nethods can be applied to gather
i nformati on about the health of the conputers. In
addition to conputers, the thermal health variable nmay
be applicable to other fornms of conputing equi pment
that mght fail as a result of high tenperatures, such
as network switches, smart racks or power units.

15



[ 0057] Enbodi ments and all of the functiona
operations described in this specification can be
w0 ppbassssi ed in digital electronic circuitry, BCT/U82009/048966
conput ersoftware, firmvare, or hardware, including the
structural nmeans disclosed in this specification and
structural equival ents thereof, or in conbinations of
msmm .S of the invention can be i npl enent ed
as one or nore conmputer program products, i.e., one or
nore conputer prograns tangi bly enbodied in an
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pr oceseaiinga thenmaltheaih Vabesey the nompoterdfased on the
nbodlnents of the invention have been descri bed.
mﬁ@@@?ﬂhé]ess, it wll be understood that various
nodi fi cati ons may be nade w thout departing fromthe
Spir2t arnthe artieoddf tlakn MnwhRtéia Taloatigdhe ghermaltHesith
enbodi nents are within the scope of the follow ng
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The net hod of claim1l, vvherel n the neasurenent

conpy i sesTiE fediod'Bf @laﬁ’ﬁ 3afdrtar@oiphisthg RARANRY nililtiie
of the conputer, a utilization of the conputer, or a

measwemants af eifisreny types and whereip piauatingghe threenakdiasiih
vllie EbioRed thfegf]u@ﬁ{efrﬁggprlje d}gs " €ceiving multiple

nmeasur enent s crent pes and wherein

cal cul ating the thernal heal th val ue conbi nes the
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nmenory nodul e of the conputer
motherboard of the computer or air in prOX|m|ty to the computer.

6. The method of claim 1, wherein the thermal health value is a

dimensionless value.

7. The method of claim 6, wherein the thermal health value is a

number in the range of 0 to 1.

8. The method of claim 6, wherein the thermal health value is a

number in the range of 0 to 10.

9. The method of claim 1, further comprising selecting a descriptor

for the thermal health value from a finite set of descriptors.
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not her board of the conputer, or air in proximty to
the conputer. 6 . The nmethod of claim1l, wherein the

wao beomsdesheal t h val ue is a di mensionl ess val uePCTUS2001@48966
nmet hod of claim6, wherein the thernal health value is

a nunber in the range of 0to 1. 8 . The nethod of
cl aitR-6, Themsthod A c@ﬁeﬂnwherealcelal/%tmethpéharrmlrl’@@lth

V%hl,l'l H%Ee fudedVWm Pz thr %g) atf ta/-Egeof'ﬁ?e Q?fﬁpﬁ} claimi,

r-conp r|S|n escripto of the
t her mal health val ue froma fi nite set of
desct1. pt offse fr@thddhef datrhddfmtharlca’mpri]sjng/\@emaiating an alarm if

cul t her mal h val ue i ncl udes
thEgheaTaTleagh U aeaes arRrashBs of 't he commuter . 11.
The nethod of claim1, further conprising generating

an ajar mhe ki@hddef &Bim heﬁ.lrEHEr\(:@hltmsﬁlg)ééj%tlﬁg one or more
threshold. 12. The method of claim1, furth

ofqusvygri evalifdaalj uidizaten baseben e theusmqbbﬂelth val@el ing or

utilization based on the thermal health value. 13. The
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pl ural’ corrpu ers, récervi 2asur enment

i ndi ftcahleaehaff d ;btaratlEymfaccahputem;freteieir@otheuheaswemént
cal cul a%l neg[ a t her nal health val ue for each of a
'”ElC@P\éFFP ewmtﬁtwepét e100MAUEr R%hod of claim 13,

wher% a%let.n Sftﬁ rrreattﬁ vta% R wghidr % alﬂ m&gﬁuters.

are ere orms wherein c
t her mal health val ue f_or each of a pl urallty of _
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e YLk ot VB AGDIR A gtR e
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is uniformacross different platforns. he net hod
thermel kgatihnalug iﬁllswthle@m)sa@errgngg@féghtesng t he
thermal health values. 17. The nethod of claim 16,

further CAHMAIoRGEITYA. LABATd R PR3 Brovides a

across one or nore o ower

meppiaigrio wrﬁmgerclaéhalmmﬂhataedmafophmmsﬁ dlfferemt |ptatforms
domai n.

16. The method of claim 13, further comprising aggregating the

thermal health values.

17.  The method of claim 16, further comprising aggregating the
thermal health across one or more of a power domain, a cooling domain, a

logical domain and a physical location domain.

18. A computer program product, tangibly embodied in a machine
readable storage media, comprising instructions for causing a processor to:
receive a measurement indicative of a temperature of a computer; and

calculate a thermal health value for the computer.

19.  The computer program product of claim 18, wherein instructions
to calculate the thermal health value include instructions to compare the

measurement to stored thresholds.
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18. A conputer program product, tangibly enbodied in a
machi ne readabl e storage nedia, conprising

WO p®PNs8s83 ons for causing a processor to: recePUEUS2009/048966
measur enent indicative of a tenperature of a conputer;
and calculate a thermal health value for the conputer.

19. 2he cHwpoepuiareieaianp PERflUst obelabm ddmivhgreinfiee ei n
: . |
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I'ns ctrons to conpare e neasure
cahputed & Wilezatioh d$ ticompetetcomautatatign cge afmafan i thie of
cl aim 18, wherein the neasurenent conprises one or
CHBPEEhf a tenperature, a power draw of the conputer, a
utilization of the conputer, or a rotation rate of a

fan of 1 hen&eomBLRr-prégrhm pRRILEPBPEILRA 200 ATHRAINBhRHRg

~of claim20, further conprising instructions to _
insiseetions taweceipge enutipleuneasinements of differamttypegpyd wherein

IR 1o Rl o fF Tt o BeBlh Bt G bH ISR qiRfR e
cormBindtREPiISple #Reastitemeppput er program product of
cl ai m 20, wherein the nmeasurenent conprises a

tenperature nmeasurenent of one or nore of a central
pr oc®ssi nfheiRPMPHter thegi@apRMIC ohclging R0gwheeeinthe he
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cdntal poogassimg. uriBof theeoomyier, ardigk dgveof hreochroputef, a
claim 18, wherein the thermgl health value is a .
TN BTG 8L pLraraputsh & e Baat OB cGBIIe o dlfde
; ' rrYHlf-f in the thermal health value is a
pr%%‘nr@{eﬁoiqhg%ﬁe raﬁge of 0 to 1. 25. The conputer

program product of claim 23, wherein the thernal
healdh valhecompdtaipidgiam pradust ohelgem 38, wheeeinghe freermal

ek 1 B PR R A sl et a deseriptor for the
thermal health value froma finite set of descriptors.

27. Zhe cTmpodmpuisr@uogranpprstiuct oblaith @3mwhéreinties digrmal
I nstructi ons

health value is a number in the range of O to 1.
25.  The computer program product of claim 23, wherein the thermal

health value is a number in the range of 0 to 10.

26.  The computer program product of claim 18, further comprising
instructions to select a descriptor for the thermal health value from a finite set

of descriptors.

27.  The computer program product of claim 18, wherein instructions
to calculate the thermal health value include instructions to normalize for a

platform type of the computer.

28.  The computer program product of claim 18, further comprising
instructions to generate an alarm if the thermal health value crosses a
threshold.
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to calculate the thermal health val ue include

instructions to normalize for a platformtype of the
w@oimpassss3 28. The conputer program product of PCT/aB2009/048966

18, further conprising instructions to generate an

alarmif the thermal health value crosses a

t hr eshol dTh® comRutes Riparaan PRAEE ahflgin de furtiter comnfising

18, t i Sl
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thelteemadl Headthtvalwel ue 30 The conput er program product
of claim 18, further corrprisi ng instructions to
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meastt-emrent® FAYPE |R789r Y& ﬁb%‘@éﬁ‘d & ip@mprising
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each of a plurality of conputers. . The conput er
mpa@lgemﬁrmmﬂg@uvecﬁf tbeéemﬂpstatuw]@frtbemomputea@ndmIaie a

h l i f i ff | at f
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i ncl3es T tompuiedpSod@nnprathlot aeclairg 130! lereinch least
thermal health value falls within the sanme range of
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f
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, ther. conprising in ctions to aggregate the
qulﬂ%}%lw'ﬁgﬁﬁlﬁgg@%‘ﬁfé ges. Vaﬁdﬁé conput er program
product of claim 33, further conprising instructions

to agmr egﬁﬁ@céﬁ‘l@uféﬁﬁﬁ@ﬂanﬁ‘ﬁﬁidd&t éﬁélgﬁﬁ AN HRFeifBRE réige of
a power domain, a cooling domain, a logical domain and

vajugmpeavids a|rmjm|m@nakm@m Iq:omputer behavior that is uniform across
different platforms.

33.  The computer program product of claim 31, further comprising

instructions to aggregate the thermal health values.

34. The computer program product of claim 33, further comprising
instructions to aggregate the thermal health across one or more of a power

domain, a cooling domain, a logical domain and a physical location domain.
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